Abstract. Polyphenylene sulfide (PPS) is a kind of excellent special engineering plastics, and its by-product salt slurry usually contains a large number of N-methyl-pyrrolidone (NMP), oligomers, lithium chloride and sodium chloride. The green recycling of the salt slurry has important significance for the sustainable development of PPS industry. In this paper, the recovery of NMP from PPS by-products by flash evaporation and solvent extraction, and the recovery of lithium chloride by calcination, precipitation and organic solvent extraction were reviewed in details. The key problems existed in these recycling methods were analyzed, and the new tends for the comprehensive recycling of PPS by-products in the future were also pointed out.
Introduction
Polyphenylene sulfide (PPS) is a new high-performance thermoplastic resin with the features of good heat resistance, corrosion resistance, flame resistance, electrical insulation, mechanical strength and processing performance. It is known as the sixth largest engineering plastics [1] and is widely used in automotive, electronics, aerospace, precision instruments and the other industrial sectors [2] .
The synthesis methods of PPS include sodium sulfide method, sulfur solution method, hydrogen sulfide method, and so on [3] , and the sodium sulfide method is the commonly adopted method, by which the sodium sulfide and p-dichlorobenzene is the raw materials, and the lithium chloride and NMP is added as catalyst and solvent, respectively. PPS is produced by condensation polymerization at a high-pressure reaction kettle [4] . The flowchart of PPS production by the method of sodium sulfide is shown in Figure 1 . The main advantages for this method are the high yield, good product quality, and enough raw materials supply, etc. However, it is noted that this method will simultaneously produce lots of by-product slurry containing sodium chloride, oligomer, and NMP. Meanwhile, the catalyst lithium chloride will also eventually enter into the by-product slurry. As the high price of NMP and lithium chloride, the comprehensive recovery and utilization of by-products will be of great significance.
Utilization of the Organic Solvent: Recycling of NMP
NMP is a kind of low toxicity, high boiling point and strong solvency organic reagent, and is widely used as solvent during the synthesis of PPS [5] . Usually, there has a great consumption for NMP in the produce of PPS, and the mainly recovery method is flash evaporation and solvent extraction at present.
Lee [6] and Wang [7] developed a method to extract NMP from the reaction mixture by using ethanol and methyl acetate, respectively. Although ethanol and methyl acetate are easy to be recycled and purified, their industry applications have been limited for flammable and explosive features. NMP was used by Liu et al [8] as diluents to dilute the synthesis reaction system of PPS into a new mixture system. Subsequently, the solvent NMP was recycling by filtration, extraction, and distillation in sequence. However, the recovery rate of NMP by this method is not satisfied, and the use of NMP also increases the recovery cost. In order to recover NMP from washing water, a twin-tower distillation technique was adopted by Wei [9] and Peng [10] . The recovery rate of NMP by this method was higher than 95%, and the content of NMP was no less than 99.6%. This technique not only overcomes the harsh demands on the equipment and working environment when ethanol was used as extractant, but also effectively enhances the recovery rate and quality of NMP.
Gou [11] found that when NMP is recycled by water washing, the collected NMP mixture solution contains a large amount of sodium chloride, thus the recycling of each component in the solution will be difficult and high cost. In view of this point, a kind of special two-stage heating distillation tower was designed. The common structure of kettle-type heat exchanger was adopted for the upper part of this distillation tower, while a space for the suspending crystallization of sodium chloride, and a draft tube for the rising of gas and liquid flow in the middle part were designed increases the suspended crystal space of the sodium chloride crystal and. Meanwhile, there is a specially designed heater at makes a gas and liquid flow rising guide tube, the lower part of this tower. According to its optimized equipment and technology, the crystallization of salts can be successfully discharged at the optimized equipment and technology conditions. The vacuum rake dryer drying recovery rate of NMP reached to 97% by drying with vacuum rake dryer.
Yang [12] developed a new NMP recycling method to avoid the use of the other solvents, by which the energy consumption for the solvent recovery was decreased [13] . The slurry after the synthesis and separation of PPS was centrifuged or filtrated to achieve the solid-liquid separation in this method. This method is the synthesis reaction of the product through the centrifuge or filter for solid-liquid separation, the solid phase was directly dried through the vacuum rake dryer to recycle solvent by reflux condensation. The filtrate and condensate were further distilled in rectifying tower to obtained NMP. The recovery rate of NMP by this method was more than 94.3% and the purity reached to 99.9%. The recycling of NMP in waste liquid after an unsuccessful synthesis reaction was carried out by Du [14] , and found that the best way was vacuum distillation. The content of recovered NMP was 99.35%, which met the requirements for the synthesis of PPS. It is noted that there still has certain NMP existed in complex form with lithium chloride after the distillation in rectifying tower. If they are directly discharged into environment, it will result in serious environmental pollution and resource waste. This part of NMP cannot be further recycled by drying, thus it is preferable to be treated by solvent extraction.
Willie [15] and Cines [16] were the first to recycle the residual NMP mingled with inorganic salts in the bottom of rectifying tower by solvent extraction. This method has the advantages as low cost, simple equipment and operation, etc. NMP can be extracted from solution by chlorination solvent through the complexation [17] , thus the extraction of NMP from solution containing inorganic salts was studied by Shi [18] using methylene chloride, chloroform and tetrachloro methane. The results showed that chloroform is the best solvent to extract NMP, and the distribution ratio reaches to 1.78. The solvent after extraction can be distilled to recycle NMP and chloroform, both of them can be reused after recovery. This method was also used by both Yang et al [19] and Wu et al [20] , and the recovery was no less than 98%.
Based on the present research status and our recent experimental results, we think that the by-product slurry is main composed of water and NMP except for sodium chloride, lithium chloride and small amounts of soluble oligomer. Most of NMP can be recovered by vacuum distillation, and the remainder mingled with the salts can be further recycled by solvent extraction.
Utilization of the By-products of Salt Slurry

Recovery of Lithium Chloride
The main recovery methods for lithium chloride in the by-product slurry are calcination, precipitation and organic solvent extraction.
Calcination. The residue of by-product slurry obtained through centrifugation and distillation was calcined at 500 ~ 700°C to recover lithium chloride [21] . The recovery rate was 83 ~ 84%. However, it is noted that lithium chloride is easy to volatilize when the calcination temperature is higher than 500°C. The loss rate will increase with the increase of calcination temperature and time, and this was already verified in our study. However, when the calcination temperature is lower than 700°C, small amounts of oligomers will be remained in the calcined product, resulting in low-grade lithium chloride product. Meanwhile, calcination at a high temperature will also lead to the emission of toxic sulfur dioxide, thus the recycling of lithium chloride by this way doesn't have any industrial prospects.
Precipitation. The solid material after dehydration, separation, and drying in sequence to recover solvent was dissolved and filtrated by Wei [22] . The lithium ion in filtrate was precipitated by saturated sodium carbonate solution to generate lithium carbonate.
After filtration, it was dissolved by hydrochloric acid to obtain lithium chloride. The reaction equation is described as follows: 2LiCl + Na 2 CO 3 → Li 2 CO 3 ↓ + 2NaCl
(1)
The recovery rate of lithium chloride by this method was 93.6%, and the purity was 99.3%. Carbonate solution was directly added into the filtrate to generate lithium carbonate precipitate after the synthesis and separation of PPS by Jiang [23] . Subsequently, lithium carbonate was separated and further converted into lithium chloride by hydrochloric acid solution. The recovery rate of lithium chloride was 95.0% by this method. Chen [24] and Xie [25] leached the slurry by water, and then strong alkali, soluble oxalate and barium chloride were added into the leach solution to remove magnesium, calcium, iron, and sulfate ions by precipitation. After filtration, soluble carbonate was added into the filtrate to generate lithium carbonate product. After solid-liquid separation and drying, the single recovery rate reached to 80% for the former and 95% for the latter with purity no less than 98%. The polycondensation mother liquor was distilled to dryness under reduced pressure, and then the residue was dissolved by water and filtrated [26] . Lithium ion in filtrate was finally precipitated by phosphoric acid or sodium aluminate. After filtration, washing and drying, the recovery rate of lithium was 95% with purity no less than 97%.
The recycling of lithium in PPS by-products by precipitation is feasible, but it's also worth pointing out that the purification of magnesium, iron, calcium and sulfate ion is important. Meanwhile, as the oligomer impurities in by-product slurry will affect the quality of recovered product especially the whiteness, thus it should be paid more attention.
Organic solvent extraction. Tetrahydrofuran (THF) was used by Li [27] to extract and separate the by-product slurry. After the recovery of THF and NMP in the filtrate by distillation, the residue was further extracted by absolute ethanol to recover lithium chloride. However, the recovery rate was only 40.86% by this method. Methanol was used by Liu [28] to dissolve and extract lithium chloride in the residue. Lithium chloride can be fully dissolved in methanol, thus the insoluble sodium chloride can be directly removed by filtration. Subsequently, the methanol solution containing lithium chloride was evaporated to recycle methanol and lithium chloride, by which the recovery rate for lithium chloride reached to 98~99%. It is worth saying that the extractant in this method can be recovered by distillation, by which it decreases the recovery cost of lithium chloride. However, it didn't take the oligomers dissolved in extractant into consideration. Usually, they have important effects on the quality of lithium chloride. The comparison of different recovery methods of lithium chloride was listed in Table 1 . 
Recovery of Sodium Chloride
Lots of sodium chloride will be generated during the production of PPS, but there are few studies on the treatment or re-utilization of sodium chloride in by-product slurry, which are generally disposed or landfilled as industrial waste. Fang et al [29] recently developed a method to recycle the waste water generated during the production of PPS by using Fenton reagent to degrade organic matter, by which the total organic carbon (TOC) in salt-containing waste water can be decreased to less than 5 mg/L. It is noted that plentiful sodium chloride in by-product slurry can be used as the raw material of chlor-alkali industry after the separation of valuable lithium chloride and deep purification of organic matter. Therefore, to obtain saturated sodium chloride solution during the recovery of by-product slurry by mechanical vapor recompression (MVR) technology will not only realize the joint between the PPS industry and chlor-alkali industry, but also achieve the re-utilization of waste water resources.
Conclusion
In order to decrease the production cost and environmental pollution, the effective recycling of PPS by-products is essential for PPS industry. Even though many methods were studied in recent years for the recovery of NMP and lithium chloride, the best way for the recycling of NMP by comparison is to rectify and recover most of the solvent after the solid-liquid separation of reaction product, then the lithium chloride and residual NMP in the by-product slurry are extracted by organic solvent. Of course, the effect of oligomer on the quality of recovered lithium salt needs to be considered. To be sure that further investment in developing a more eco-friendly and low-cost method for the comprehensive utilization of PPS by-products will necessary. The recovered lithium chloride can be re-used in the produce of PPS, and sodium chloride can be considered as the raw material of chlor-alkali industry, by which the effective joint between the PPS industry and chlor-alkali industry will be realized.
